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NUCLEAR ELECTRIC POWER 

Economics of t h e  Convers ion  of Nuc lea r  Energy t o  E l e c t r i c i t y  

J o h n  M .  V a l l a n c e  
Un i t ed  S t a t e s  Atomic Energy Commission 

I .  INTRODUCTION 

T h i s  p a p e r  d i s c u s s e s  t h e  economics of p roduc ing  e l e c t r i c i t y  from n u c l e a r  energy ,  
economic d a t a  p r e s e n t e d  a r e  i n t e n d e d  t o  i n d i c a t e  t h e  c u r r e n t  and nea r - t e rm s i t u a t i o n  i n  
n u c l e a r  economics ,  w i t h o u t  d i s p l a y i n g  undue opt imism o r  pess imism.  I n  a d d i t i o n ,  t h e  sub- 
j e c t  matter a r e  a l s o  f o r  t h e  purpose  of p r o v i d i n g  you w i t h  a b e t t e r  unde r s t and ing  of t h e  
economics of n u c l e a r  power i n  g e n e r a l .  The i n p u t  d a t a  used  i n  t h i s  p a p e r  a r e  from a m u l t i -  
t u d e  o f  s o u r c e s  and i n  many c a s e s ,  t h e  d a t a  were  s u b j e c t e d  t o  i n t e r p r e t a t i o n  by t h e  a u t h o r .  
I wish  t o  a l s o  make t h e  q u a l i f i c a t i o n  t h a t  t h e  s p e c i f i c s  t h a t  go  i n t o  de t e rmin ing  t h e  
economic per formance  of n u c l e a r  e l e c t f i c  p l a n t s  a r e  changing  r a p i d l y  w i t h  t ime ,  Hence, you 
a r e  c a u t i o n e d  t h a t  c e r t a i n  p o r t i o n s  of t h i s  p a p e r  a r e  s u b j e c t  t o  o b s o l e s c e n c e  and i t  i s  t o  
be unde r s tood  t h a t  t h e  d a t a  and i n f o r m a t i o n  p r e s e n t e d  r e p r e s e n t  t h e  s i t u a t i o n  based  on 
what we t h i n k  we know t o d a y ,  a s  seen  f rom t h e , a u t h o r s  p o i n t  of view. There a r e  a number 
of  f a c t o r s  c u r r e n t l y  p r e v a l e n t  . i n  t h e  f i e l d  of n u c l e a r  power which  make economic eva lu -  
a t i o n s  and a n a l y s e s  d i f f i c u l t .  The n u c l e a r  i n d u s t r y  i s  r e l a t i v e l y  new and a s u f f i c i e n t  
base  of o p e r a t i o n s  i s  j u s t  beg inn ing  t o  be  e s t a b l i s h e d .  There  a r e  r e a s o n s  t o  b e l i e v e  
t h a t  t h e  s i z e  of t h e  n u c l e a r  i n d u s t r y  w i l l  i n c r e a s e  r a p i d l y  w i t h  t i m e .  S e v e r a l  a u t h o r i -  
t a t i v e  growth p r o j e c t i o n s  i n d i c a t e  t h a t  annual  r a t e s  of n u c l e a r  f u e l  th roughput  and  new 
p l a n t  c o n s t r u c t i o n  w i l l  i n c r e a s e  more t h a n  t e n - f o l d  i n  t h e  decade  1970 t o  1980. These 
f a c t o r s  i n t r o d u c e  major  c o m p l i c a t i o n s  i n  choos ing  r e a l i s t i c  c o s t  i n p u t  d a t a  t o  u se  i n  
economic computa t ions .  
economic per formance  of n u c l e a r  e l e c t r i c  p l a n t s  v a r y  w i d e l y .  

I n  t h e  U . S . ,  e conomica l ly  c o m p e t i t i v e  n u c l e a r  e l e c t r i c  power has  n o t  y e t  been produced .  
However, i t  is  e x p e c t e d  t h a t  s e v e r a l  l a r g e  n u c l e a r  e l e c t r i c  p l a n t s  now under c o n s t r u c t i o n  
w i l l  demons t r a t e  tha t .  t hey  a r e  c o m p e t i t i v e  i n  t h e i r  p a r t i c u l a r  c i r c u m s t a n c e s .  It  w i l l  
be a few y e a r s  however b e f o r e  t h i s  is borne  o u t .  Thus ,  one must l o o k  i n t o  t h e  n e a r  
f u t u r e  i n  o r d e r  t o  speak  of economic n u c l e a r  power.  F o r  t h i s  r e a s o n ,  it i s  impor t an t  
t h a t  t h e  unde r ly ing  t e c h n i c a l ,  economic and o p e r a t i o n a l  a s sumpt ions  which go  i n t o  
n u c l e a r  power c o s t  e s t i m a t e s  be s p e l l e d  o u t  w i t h  a r e a s o n a b l e  d e g r e e  of c l a r i t y .  T h i s  
pape r  a t t e m p t s  t o  p r o v i d e  a g e n e r a l  a p p r e c i a t i o n  of  n u c l e a r  e l e c t r i c  p l a n t  economics - 
i t  p r e s e n t s  d a t a  on t h e  c u r r e n t l y  e s t i m a t e d  economic s t a t u s  and p r o v i d e s  a g e n e r a l  
i n d i c a t i o n  of what w e  rn igh t . expec t  a s  more advanced r e a c t o r  c o n c e p t s  a r e  brought  i n t o  
b e i n g ,  I n  go ing  abou t  t h i s  e n d e a v o r ,  the, f o l l o w i n g  sequence  of p r e s e n t a t i o n  w i l l  .be 
f 01 1 owed : 

The 

T h i s  i s  one of t h e  p r imary  r e a s o n s  why e s t i m a t e s  of . fu tu re  

* C u r r e n t  program 
* F u e l  c y c l e s ,  f l o w s h e e t ,  m a t e r i a l  and ene rgy  b a l a n c e s  
0 Methodology of Economic Computa t ions  

S p e c i f i c  Economic E s t i m a t e s  
* A n a l y s i s  o f  Fue l  C o s t s  

C u r r e n t  Program 
H i s t o r i c a l l y ,  t h e  AEC h a s  c a r r i e d  out a . b r o a d  base  program of  r e a c t o r  development 
i n v o l v i n g  many r e a c t o r  t y p e s .  The scope of . t h i s  p a s t  and c u r r e n t  e f f o r t  can  be w e l l  
a p p r e c i a t e d  by Tab le  I which l i s t s  t h e  n u c l e a r  p l a n t s  p r e s e n t l y  commit ted ,  under con- 
s t r u c t i o n  o r  o p e r a b l e .  . .  
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R e c e n t l y ,  t h e  AEC h a s  been r educ ing  t h e  number of r e a c t o r  c o n c e p t s  under  a c t i v e  deve lop -  
ment .  The p r e s e n t  AEC c i v i l i a n  n u c l e a r  power program i s  focused  on t h e  development of 
advanced  the rma l  r e a c t o r s  and f a s t  b r e e d e r  r e a c t o r s ,  l e a v i n g  f u r t h e r  improvement of t h e  
c o n v e n t i o n a l  l i g h t  w a t e r  r e a c t o r s  t o  i n d u s t r y .  

The p r imary  t e c h n i c a l  i n c e n t i v e s  f o r  t h e  development of t h e s e  r e a c t o r  c o n c e p t s  a r e  l i s t e d  
i n  T a b l e  2. 

TABLE 2 

TECHNICAL REASONS FOR ADVANCED THERMAL REACTORS 

AND FAST BREEDER REACTORS 

1.. Achieve  t h e  t i m e l y  i n t r o d u c t i o n  of advanc ing  t echno logy  i n t o  t h e  
growing  n u c l e a r  complex, w i t h  a t t e n d a n t  c o s t  r e d u c t i o n s .  

2. Reduce t h e  r equ i r emen t  f o r  f i s s i l e  material mined from t h e  ground,  
t h e r e b y  e x t e n d i n g  t h e  a v a i l a b i l i t y  of n u c l e a r  r e s o u r c e s .  

3. P e r m i t  t h e  u s e  of h i g h e r  c o s t  n u c l e a r  f u e l  r e s o u r c e s  w h i l e  s t i l l  
p roduc ing  low c o s t  e n e r g y ,  t h e r e b y  expanding  t h e  r e s o u r c e  b a s e .  

F u e l  C y c l e s  

B e s i d e s  t h e  v a r i o u s  c h o i c e s  f o r  s t r u c t u r e ,  . c o o l a n t  and modera tor  combina t ions ,  n u c l e a r  
r e a c t o r s  can  o p e r a t e  w i t h  v a r i o u s  combina t ions  of f i s s i l e  and f e r t i l e  m a t e r i a l s  a l t h o u g h  
c e r t a i n  r e a c t o r  t y p e s  a r e  l o g i c a l l y  o r i e n t e d  towards  p a r t i c u l a r  f i s s i l e / f e r t i l e  s p e c i e s .  

The heavy e lements .  of i n t e r e s t  a s  

F i s s i l e  

Uranium 233 
Uranium 235 
Plu ton ium 

n u c l e a r  f u e l s  a r e  shown i n  T a b l e  3. 

TABLE 3 

NUCLEAR FUELS 

F e r t i l e  

Thorium 232 
Uranium 238 

The n a t u r a l l y  o c c u r r i n g  n u c l e a r  f u e l s  a r e  t h o r i u m ,  uran ium 238 a n d  uranium 235. 
Thus ,  of t h e  f i s s i l e  i s o t o p e s ,  o n l y  U235 is  n a t u r a l l y  o c c u r r i n g ,  found i n  concen t r a -  
t i o n s  of 0 .711  w t . %  i n  n a t u r a l  uranium. The o t h e r  two f i s s i l e  i s o t o p e s ,  U233 and 
p lu ton ium ( i s o t o p e s  239, 240, 241 and 242) a r e  produced  th rough  t h e  c a p t u r e  of a 
n e u t r o n  by tho r ium and uranium 238, r e s p e c t i v e l y .  The t echno logy  of t h e  U235 - 
U238 f u e l  sys tem i s  b e t t e r  e s t a b l i s h e d  t h a n  t h a t  of o t h e r  sys t ems .  Ex tens ive  f u e l  
c y c l e  development i s  i n  p r o g r e s s  on t h e  p lu tonium-uranium and t h e  U233 - U235 - t ho r ium 
sys t ems .  S t u d i e s  a r e  i n  p r o g r e s s  on o t h e r  combina t ions  of f i s s i l e / f e r t i l e  s p e c i e s .  

Under c e r t a i n  c o n d i t i o n s ,  i t  is  p o s s i b l e  t o  produce  more f i s s i l e  i s o t o p e  t h a n  i s  
consumed. T h i s  o c c u r s  when s u f f i c i e n t  e x c e s s  n e u t r o n s  r e l e a s e d  d u r i n g  f i s s i o n  a r e  cap- 
t u r e d  i n  a f e r t i l e  i s o t o p e ,  c o n v e r t i n g  it t o  f i s s i l e .  Such a p r o c e s s  i s  r e f e r r e d  t o  a s  
"breeding" .  A l l  r e a c t o r s  a r e  i n h e r e n t l y  c a p a b l e  of c o n v e r t i n g  f e r t i l e  m a t e r i a l  
t o  f i s s i l e .  The e x t e n t  t o  which t h e y  do t h i s  depends on a number of f a c t o r s .  These  
i n c l u d e  t h e  c o n c e n t r a t i o n  of t h e  f i s s i l e  and f e r t i l e  i s o t o p e s ,  t h e  number of 
n e u t r o n s  r e l e a s e d  p e r  f i s s i o n  ( a  f u n c t i o n  of t h e  i s o t o p e  and t h e  i n c i d e n t  n e u t r o n  
e n e r g y ) ,  and  t h e  p r o b a b i l i t y  of the neu t ron  r e l e a s e d  by f i s s i o n  b e i n g  c a p t u r e d  by 
a f e r t i l e  i s o t o p e  r a t h e r  t h a n  be ing  l o s t  t h r o u g h  l eakage  o r  c a p t u r e  i n  non-fue l  
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m t e r i a l s .  I f  t h e  above c o n d i t i o n s  a r e  f a v o r a b l e ,  t h e  r e a c t o r  can  produce  mcre f i s s i l e  
i s o t o p e s t h a n  i t  consumes. I f  t h e  above c o n d i t i o n s  a r e  less f a v o r a b l e ,  t h e  r e a c t o r  wit! 
s t i l l  r e g e n e r a t e  a c e r t a i n  f r a c t i o n  o f  t h e  f i s s i l e  i s o t o p e  consumpt ion .  

F i g u r e  1 i n d i c a t e s  t h e  o v e r a l l  f l o w s h e e t  f o r  a s l i k h t l y  e n r i c h e d  uranium f u e l e d  conirerLT-: 
r e a c t o r  w i t h  p lu ton ium r e c y c l e .  (See  F i g u r e  1, end  of t e x t ) .  

Mass and Energy Ba lances  - R e a c t o r  

F i g u r e  2 i n d i c a t e s  a mass and  ene rgy  ba lance  o f  a s i n g l e  i r r a d i a t i o n  c y c l e  of  a p r e s -  
s u r i z e d  l i g h t  w a t e r  r e a c t o r ,  t y p i c a l  :of some l a r g e  p l a n t s  c u r r e n t l y  unde r  c o n s t r u c t i o n .  
(See  F i g u r e  2 ,  end  of t e x t ) .  

Fo r  t h i s  p a r t i c u l a r  example ,  t h e  h e a t  was  produced  from t h e  v a r i o u s  i s o t o p e s  a s  fo l lows :  

TABLE 4 

D i s t r i b u t i o n  of H e a t  P r o d u c t i o n  by I s o t o p e  

I s o t  ope 

U235 
U238 
P l u  t onium 

70 of Heat  Produced  

60 
5 

35 
100  
- 

The c o n v e r s i o n  r a t i o ,  grams f i s s i l e  produced  p e r  gram f i s s i l e  consumed is 0.62, 

Thus ,  i n  consuming 3 0 . 3  grams of f i s s i l e  m a t e r i a l  by n e u t r o n  a b s o r p t i o n  (25 .7  grams of 
which f i s s i o n e d ) ,  18.1 grams o f  new f i s s i l e  material  was produced .  

On a n  i n p u t - o u t p u t  b a s i s ,  30 grams of f i s s i l e  m a t e r i a l  was f e d  t o  t h e  r e a c t o r ,  25.7 
grams of material was f i s s i o n e d  and 1 9 . 1  grams of f i s s i l e  m a t e r i a l  was d i s c h a r g e d .  

Mass a n d  Energy  Balance - Nuclea r  Sys tem 

In p r o v i d i n g  t h e  U235 f o r  t h e  r e a c t o r  f e e d ,  t h e  sys t em f low s h e e t  f o r  t h i s  example 
looks abou t  a s  shown i n  F i g u r e  3 (See  t h i s  F i g u r e  a t  end of t ex t ) .  

Thus ,  i n  t h i s  example ,  4 .1  Kg of f r e s h  n a t u r a l  u ran ium is r e q u i r e d  t o  r e p l e n i s h  t h e  
U235 consumed i n  each  Kg o f  f u e l  t h roughpu t  of t h e  r e a c t o r .  I f  t h e  p lu ton ium were 
r e c y c l e d ,  t h e  f r e s h  n a t u r a l  u ran ium requ i r emen t  would d rop  t o  a round 2.4 Kg. Under 
t h i s  r e c y c l e  c o n d i t i o n  bhe mass ba lance  i n d i c a t e s  t h a t  of t h e  t o t a l  n a t u r a l  uranium 
f e d t o  t h e  uran ium e n r i c h i n g  p l a n t ,  abou t  1.1% of it a c t u a l l y  i s  f i s s i o n e d ,  most of 
t h e  o t h e r  98.9% end ing  up i n  t h e  e n r i c h i n g  p l a n t  t a i l s  stream. T h i s  i s  one r e a s o n '  
why we are work ing  on advanced  c o n v e r t e r s  and b r e e d e r s  - t o  i n c r e a s e  t h e  f r a c t i o n  of 
mined uranium t h a t  i s  f i s s i o n e d .  P l e a s e  no te  however t h a t  t h e  98.9% t h a t  i s  c u r r e n t l y  
@ e t  a s i d e  i s  n o t  l o s t .  I t  c a n  b e  r e i n t r o d u c e d  t o  t h e  sys tem a t  some f u t u r e  d a t e  as a 
f u e l  f o r  b r e e d e r  r e a c t o r s .  

1 d o n ' t  wish  t o  l eave  t h e  i d e a  w i t h  you t h a t  i n  t h e  above c a s e  example,  t h e r e  was not  
0 q i g n i f i c a n t  q u a n t i t y  of h e a t  r e l e a s e d .  
QQQ m i l l i o n  BTU p e r  pound o f .  u ran ium cha rged  t o  t h e  r e a c t o r .  

The 24 MWD/KgU cor re sponds  w i t h  r e l e a s i n g  



11. METHODOLOGY OF COMPUTING ENERGY COSTS 

The fo l lowing  d i s c u s s i o n  is  n o t  i n t e n d e d  a s  a comple t e  t r e a t i s e  on computing n u c l e a r  
ene rgy  c o s t s ,  b u t  r a t h e r ,  it h i g h l i g h t s  t h e  method employed i n  t h i s  pape r .  

C a p i t a l  C o s t s  

The c a p i t a l  c o s t s  set f o r t h  i n  t h i s  pape r  a r e  i n t e n d e d  t o  r e p r e s e n t  t h e  t o t a l  c o s t  
of a c q u i r i n g  an o p e r a b l e  p l a n t  t o  a t y p i c a l  p r i v a t e  u t i l i t y  company. These  c o s t s  
i n c l u d e  p l a n t  equipment r e q u i r e d  th rough  bhe p o i n t  of s u p p l y i n g  e l e c t r i c  p o w r  t o  
t h e  m a i n  t r a n s f o r m e r  bu t  e x l u d e  t h e  t r a n s f o r m e r  c o s t  and equipment  beyond t h e  t r a n s -  
fo rmer .  T h i s  t o t a l  c o s t  i n c l u d e s  t h e  d i r e c t  c o n s t r u c t i o n  c o s t  of t h e  n u c l e a r  p l a n t  
and i n c l u d e s  i n d i r e c t  c o s t s  such  a s  g e n e r a l  and a d m i n i s t r a t i v e  expenses ,  a r c h i t e c t  
e n g i n e e r  and n u c l e a r  e n g i n e e r i n g  f e e s ,  p l a n t  s t a r t u p  c o s t ,  c o n t i n g e n c i e s ,  e s c a l a t i o n ,  
t a x e s ,  and i n t e r e s t  d u r i n g  c o n s t r u c t i o n .  These  i n d i r e c t  c o s t s  g e n e r a l l y  amount t o  
25 t o  40% of t h e  d i r e c t  c o n s t r u c t i o n  c o s t s .  

Fue l  Cos t  
T h e i d u a l  i t ems  i d e n t i f i e d  in a s t a n d a r d  f u e l  c o s t  p r e s e n t a t i o n  a r e  g e n e r a l l y  a s  
f 01 1 ows : 

TABLE 5 
Nuclea r  Fue l  Cos t  

D i r e c t  Charges  

F a b r i c e  t i o n  xx 
Uranium Consumption xx 
Spen t  F u e l  Recovery (Chem. P r o c e s s i n g  & S h i p p i n g )  XX 
Plu tonium o r  U233 C r e d i t  (xx) 
Uranium Use Charge (if a p p l i c a b l e )  xx 

S u b t o t a l ,  Direct xx 
Fixed  Cha r g e s  

Working C a p i t a l  

T o t a l  F u e l  Cos t  

Most of t h e  f u e l  c o s t s  g i v e n  i n  t h i s  p a p e r  a r e  f o r  t h e  c o n d i t i o n  where t h e  n u c l e a r  f u e l  
m a t e r i a l  i s  p r i v a t e l y  owned. Fo r  p r i v a t e l y  owned f u e l ,  t h e  i t e m  l a b e l e d  'Working C a p i t a l " ,  
i n c l u d e s  t h e  inves tmen t  c h a r g e s  i n  t h e  f u e l  m a t e r i a l s ,  and t h e  uran ium u s e  c h a r g e  e n t r y  i s  
no t  u sed .  

In a d d i t i o n ,  it i n c l u d e s  o t h e r  i nves tmen t s  i n  t h e  f u e l  c y c l e ,  based  on a c a s h  f low 
a n a l y s i s  and assuming t h a t  f i x e d  c h a r g e s  on t h e  f u e l  c y c l e  inves tmen t  a r e  lO%/year 
on t h e  n e t  i nves tmen t .  A more comple te  d i s c u s s i o n  of f u e l  c o s t i n g  methodology i s  
c o n t a i n e d  i n  a p a p e r  I p r e s e n t e d  a t  t h e  T h i r d  U n i t e d  N a t i o n s  I n t e r n a t i o n a l  Conference  
on t h e  P e a c e f u l  Uses of Atomic Energy, Geneva, S w i t z e r l a n d ,  Augus t  31 - September  9 ,  1964,  
pape r  A/CONF. 28/P/247. 

O o e r a t i o n ,  Main tenance  and  I n s u r a n c e  

O p e r a t i o n  and main tenance  c o s t s  a r e  based  on e s t i m a t e s  of manpower, s u p p l i e s  and  m a t e r i a l s  
r e q u i r e d  t o  o p e r a t e  t h e  r e a c t o r .  
l i a b i l i t y  i n s u r a n c e  a t  a premium of $260,00O/year p l u s  $500 m i l l i o n  f e d e r a l  indemni ty  a t  
a premium $30 p e r  t he rma l  megawatt p e r  y e a r .  

I n s u r a n c e  c o s t s  a r e  based  on $60 m i l l i o n  of t h i r d  p a r t y  
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Fixed  Charge  R a t e  

p l a n t  c a p i t a l  i nves tmen t  i s  cha rged  a g a i n s t  e l e c t r i c i t y  g e n e r a t i o n  th rough  the  use  of a n  
annual  f i x e d  cha rge  r a t e .  F o r  example ,  t h e  c a p i t a l  c o s t  i n  d o l l a r s  i s  m u l t i p l i e d  by the  
f i x e d  c h a r g e  r a t e  i n  %/year t o  g i v e  d o l l a r s  p e r  y e a r .  D i v i d i n g  t h i s  by t h e  KWH produced 
p e r  y e a r  and c o n v e r t i n g  d o l l a r s  t o  m i l l s ,  one g e t s  t h e  c a p i t a l  c h a r g e s  i n  M/KWH. 

The annua l  f i x e d  cha rge  r a t e  v a r i e s  from one u t i l i t y  t o  a n o t h e r .  For i n v e s t o r  owned 
u t i l i t i e s  it g e n e r a l l y  runs  be tween 10 and 15%/year .  F o r  p u b l i c  u t i l i t i e s  and coopera-  
t i v e s ,  it runs  a round 7%/year.  

C a p a c i t y  F a c t o r  

The p l a n t  c a p a c i t y  f a c t o r  i s  t h e  a c t u a l  KWH p r o d u c t i o n  o v e r  a p e r i o d  of t i m e  d i v i d e d  
by t h e  KWH p r o d u c t i o n  t h a t  would have o c c u r r e d  i f  t h e  p l a n t - h a d  o p e r a t e d  100% of t h e  
t i m e  a t  i t s  r a t e d  c a p a c i t y ;  u s u a l l y  e x p r e s s e d  a s  a p e r c e n t a g e .  

Nuc lea r  e l e c t r i c  p l a n t s  have low i n c r e m e n t a l  o p e r a t i n g  c o s t s  which f a v o r s  o p e r a t i n g  
them a s  b a s e  l o a d  p l a n t s .  I n  t h i s  p a p e r ,  a n  80% c a p a c i t y  f a c t o r  i s  g e n e r a l l y  used i n  
t h e  economic computa t ions .  

T o t a l  G e n e r a t i n g  C o s t  

The t o t a l  e n e r g y  c o s t  i s  t h u s  made up  a s  f o l l o w s :  

TABLE 6 

T o t a l  G e n e r a t i n g  Cos t  

C a p i t a l  Charges  

P l a n t  
Fue l  Working C a p i t a l  

Fue 1 - 

xx 
xx 
XX 

O p e r a t i o n ,  Main tenance  and I n s u r a n c e  XX 
T o t a l  xx 

111. SPECIFIC ECONOMIC ESTIMATES 

T h i s  s e c t i o n  d e a l s  w i t h  t h e  e s t i m a t e d  economic p e r f o r n a n c e  of s e v e r a l  t y p e s  of nuc lea r  
e l e c t r i c  p l a n t s .  These i n c l u d e :  

TABLE 7 

R e a c t o r  Types  Inc luded  

. L i g h t  Water Cooled and  Modera t ed ,  P roduc ing  S a t u r a t e d  S team (LWR) . Heavy Water Moderated,  Organ ic  Cooled (HWOCR) 
High Tempera ture  Gas  C o o l e d ,  G r a p h i t e  Moderated (HTGR) 
Sodium Cooled F a s t  B r e e d e r  Reac to r  (FBR) 
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\ 

For  t h e  l i g h t  w a t e r  r e a c t o r s ,  d a t a  on c a p i t a l  c o s t s  is i n c l u d e d  i n  t h e  d i s c u s s i o n .  For  
t h e  o t h e r  r e a c t o r s ,  t h e  d i s c u s s i o n  i s  l i m i t e d  t o  f u e l  c o s t s .  

A .  LIGHT WATER REACTORS 

A s  i n d i c a t e d  e a r l i e r ,  most of ou r  o p e r a t i n g  e x p e r i e n c e  w i t h  n u c l e a r  e l e c t r i c  p l a n t s  
i s  w i t h  t h e  l i g h t  w a t e r  r e a c t o r s  - b o i l i n g  and p r e s s u r i z e d .  The t e c h n o l o g y  i s  t o  
t h e  p o i n t  where m a n u f a c t u r e r s  a r e  making f i x e d  p r i c e  c o n t r a c t s  w i t h  w a r r a n t e d  p l a n t  
and f u e l  per formance  a v a i l a b l e  t o  u t i l i t y  cus tomers .  

1 .  . C a p i t a l  Cos t s  

The c a p i t a l  c o s t  of s t e a m - e l e c t r i c  p l a n t s ,  whether  t h e y  use  f o s s i l  o r  n u c l e a r  f u e l s ,  
v a r i e s  s i g n i f i c a n t l y  th roughou t  t h e  c o u n t r y .  While t h e  s i z e  of t h e  p l a n t  i s  i m p o r t a n t ,  
t h e r e  a r e  many o t h e r  f a c t o r s  which  a f f e c t  t h e  c a p i t a l  c o s t .  Foremost  among t h e s e  a r e  
t h e  l o c a l  s i t e  and l a b o r  c o n d i t i o n s  ( i n c l u d i n g  w e a t h e r  c o n s i d e r a t i o n s )  and t h e  p l a n t  
s p e c i f i c a t i o n s  d e s i r e d  by t h e  i n d i v i d u a l  cus tomer .  These  and  o t h e r  lesser f a c t o r s  
g i v e  r i s e  t o  s u b s t a n t i a l  d i f f e r e n c e s  i n  c a p i t a l  c o s t  of e l e c t r i c  p l a n t s .  I t  i s  
i m p o r t a n t  t h a t  one a p p r e c i a t e s  t h a t  t h e s e  d i f f e r e n c e s  e x i s t .  N e v e r t h e l e s s , ,  S p e c i f i c .  1.: 
p l a n t  c a p i t a l  c o s t  d a t a  a r e  of i n t e r e s t  and i f  t h e r e  a r e  a n  a d e q u a t e  number of d a t a  
p o i n t s  one can  g a i n  a n  i n s i g h t  of t h e  c o s t  s i t u a t i o n .  

C o s t  d a t a  f o r  a number of l i g h t  wa te r  n u c l e a r  e l e c t r i c  p l a n t s  a r e  shown i n  F i g u r e  b .  
(See  t h i s  f i g u r e  a t  end of t e x t )  The o r d i n a t e  i s  t h e  u n i t  c a p i t a l  c o s t  i n  $/KW ( n e t )  
and t h e  a b s i c c a  i s  t h e  s t a t i o n  s i z e .  The d a t e  of comple t ion  ( c r i t i c a l i t y )  of  each  
p l a n t  is. i n  p a r e n t h e s i s .  Two p o i n t s  a r e  i n d i c a t e d  f o r  e a c h  p l a n t ,  t h e  p o i n t s  be ing  
i n t e r c o n n e c t e d  by a s t r a i g h t  l i n e .  The uppe r  p o i n t  is t h e  u n i t  c o s t  of t h e  i n i t i a l  
w a r r a n t e d  p l a n t  r a t i n g .  The lower  p o i n t  is f o r  t h e  expec ted  r a t i n g  ( o r  s t r e t c h  r a t i n g ) .  
A . f ew words r e g a r d i n g  t h i s  o v e r c a p a c i t y  o r  s t r e t c h  a r e  i n  o r d e r ,  
no t  y e t  a g r e a t  d e a l  of e x p e r i e n c e  w i t h  n u c l e a r  power p i a n t  d e s i g n  and o p e r a t i o n ,  
t h e  r e a c t o r  manufac tu re r s  a r e  d e l i b e r a t e l y  c o n s e r v a t i v e  i n  s e l e c t i n g  t h e  v a l u e s  
of t h e  i n d i v i d u a l  l i m i t i n g  c o n d i t i o n s  which go ' i n t o  d e t e r m i n i n g  a p l a n t s  c a p a c i t y .  
A f t e r  t h e  p l a n t  i s  p l a c e d  i n t o  o p e r a t i o n ,  t h e  p l a n t  o p e r a t o r  can  s e t  about  a c t u a l l y  
e s t a b l i s h i n g  t h e  p l a n t s  c a p a b i l i t y .  The ove r -capac i ty  t h a t  c a n  be r e a l i z e d  w i l l  
depend on s e v e r a l  f a c t o r s  i n c l u d i n g  t h e  amount of c o n s e r v a t i s m  i n c o r p o r a t e d  i n  
t h e  r e a c t o r  co re  d e s i g n ,  t h e  d e s i g n  v e r s u s  w a r r a n t e d  o u t p u t  and  t h e  c a p a b i l i t y  of 
t h e  steam p i p i n g  and t u r b i n e  g e n e r a t o r  sys t em.  The p i p i n g  and t u r b i n e  g e n e r a t o r  
sys t em can  be c l o s e l y  des igned  t o  meet a c e r t a i n  d e s i g n  c a p a b i l i t y .  I t  i s  t h e  
n u c l e a r  r e a c t o r  p o r t i o n  of t h e  p l a n t  where t h e  d e s i g n  c o n s e r v a t i s m s  a r e  i n c o r p o r a t e d .  
Hence, i n  many p l a n t s  now under  c o n s t r u c t i o n ,  t h e  p i p i n g  and t u r b i n e  , g e n e r a t o r  s i d e  
of t h e  p l a n t  i s  b e i n g  des igned  f o r  h i g h e r  power c a p a b i l i t y  t h a n  t h e  war ran ted  r e a c t o r  
r a t i n g .  

S i n c e  t h e r e  i s  

.The  d o t t e d  l i n e  on t h i s  s l i d e  i s  based o n  t h e  p r i c e  l i s t  p u b l i s h e d  i n  t h e  f a l l  of 
1964 by a l a r g e  manufac tu re r  of b o i l i n g  w a t e r  r e a c t o r s .  These  c o s t s  a r e  based on 
a t u r n k e y  b u i l t  p l a n t  and I ' v e  added 20% t o  t h e  p u b l i s h e d  t u r n k e y  p r i c e  t o  a l l o w  
f o r  cus tomer  c o s t s .  The cus tomer  c o s t s  g e n e r a l l y  r u n  less t h a n  20%. 

O y s t e r  Creek - C a p i t a l  Cos t  

The v e r y  d e t a i l e d  a n a l y s i s  p u b l i s h e d  i n  1964 by the  J e r s e y  C e n t r a l  Power and L i g h t  
Company for t h e i r  Oys te r  Creek  Nuc lea r  S t a t i o n  has  a t t r a c t e d  a l o t  of a t t e n t i o n ,  
b o t h  i n  and o u t  of t h e  n u c l e a r  i n d u s t r y .  To my knowledge, t h i s  i s  t h e  most compre- 
h e n s i v e  a n a l y s i s  of t h e  e x p e c t e d  economic pe r fo rmance  Of a n u c l e a r  p l a n t  over  a 

V 
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30 y e a r  l i f e  e v e r  p u b l i s h e d .  
and o p e r a t i o n a l  p a r a m e t e r s  were  c h a n g i n g  w i t h  t i m e ,  t o  r e f l e c t  w h a t  t h e s e  peop le  a n t i c i p a t e d  
f o r  t h e  f u t u r e .  The s a l i e n t  c a p i t a l  c o s t  d a t a  f o r  t h i s  p l a n t  a r e  g iven  i n  Table  8.  

The a n a l y s i s  was v e r y  d e t a i l e d  and most of t h e  i n p u t  economic 

TABLE 8 

OYSTER CREEK NUCLEAR STATION 

CAPITAL COST DATA 

S i n g l e  c y c l e  b o i l i n g  w a t e r  r e a c t o r  

Turnkey  b u i l t  p l a n t  

T o t a l  c a p i t a l  c o s t ,  i n c l u d i n g  cus tomer  c o s t s  bu t  e x c l u d i n g  
e s c a l a t i o n :  $66.4 m i l l i o n  ($58 .5  m i l l i o n  e x c l u d i n g  
cus tomer  c o s t s )  

P l a n t  Ra t ing :  

I n i t i a l  g u a r a n t e e d .  . . . . . . . . . . . .  515 MW ( n e t )  
Expec ted .  . . . . . . . . . . . . . . . . .  640 MW ( n e t )  

U n i t  C a p i t a l  C o s t :  

A t  I n i t i a l  R a t i n g  . . . . . . . . . . . .  .$129/KW ( n e t )  
A t  Expec ted  R a t i n g .  . . . . . . . . . . .  .$104/KW ( n e t )  

2,. Fue l  C o s t s  

Fue l  c o s t s  i n  a nuc lea r  e l e c t r i c  p l a n t  d e c l i n e  w i t h  time. T h i s  i s  due t o  s e v e r a l  
f a c t o r s .  F i r s t  of a l l ,  t h e  i n i t i a l  c o r e  l o a d i n g  of a r e a c t o r  i s  u s u a l l y  d e s i g n e d  
f o r  a lower  g o a l  exposure  t h a n  is t h e  r ep lacemen t  f u e l .  T h i s  i s  due t o  l imi t s  on 
h o l d i n g  down i n i t i a l  r e a c t i v i t y .  The o t h e r  r e a s o n  is  t h a t  t h e  c o s t  of t h e  manufac tur ing  
o p e r a t i o n s  w i l l  d e c l i n e  w i t h  time - p a r t l y  due t o  t e c h n o l o g i c  improvement and p a r t l y  
due t o  i n c r e a s e d  volume of b u s i n e s s  ment ioned  e a r l i e r .  R e c e n t l y  t h e  Atomic Energy 
A c t  was r e v i s e d  a t  t h e  r e q u e s t  of t h e  AEC t o  p e r m i t  p r i v a t e  ownersh ip  of n u c l e a r  
f u e l s .  P r i o r  t o  t h i s  l e g i s l a t i o n ,  ownersh ip  of t h e  f u e l  was r e t a i n e d  by t h e  govern- 
ment and it was l eased  t o  c u s t o m e r s .  C a r r y i n g  c h a r g e s  on l e a s e d  m a t e r i a l  ( u s u a l l y  
c a l l e d  "use cha rges" )  a r e  a t  t h e  r a t e  of 4-3/4%/year on t h e  v a l u e  of t h e  m a t e r i a l  
on hand. 

Wi th  t h e  new l e g i s l a t i o n ,  e n r i c h e d  uranium can  now be e i t h e r  l e a s e d  o r  pu rchased  
and a f t e r  1972 ,  must be p u r c h a s e d .  Fo r  r e a c t o r  o p e r a t o r s ,  t h e  new l e g i s l a t i o n  
i n c l u d e s  t h e  f o l l o w i n g  i m p o r t a n t  m i l e s t o n e s .  A s  of J anua ry  1 ,  1969,  t h e  Commission 
w i l l  p r o v i d e  a uranium e n r i c h i n g  s e r v i c e  ( f u e l  e n r i c h e d  th rough  t h i s  s e r v i c e  ., 
would be p r i v a t e l y  owned). A s  of Jan.  1 ,  1971,  no a d d i t i o n a l  e n r i c h e d  uranium 
w i l l  be d i s t r i b u t e d  by t h e  government by l e a s e ,  A l s o ,  a s  of J u l y  1 ,  1971, t h e  

1973,  a l l  m a t e r i a l  o u t  on l e a s e  must be pu rchased .  
. g u a r a n t e e d  p u r c h a s e  of p l u t o n i u m  by t h e  government w i l l  t e r m i n a t e .  A s  of J anua ry  1 ,  

Near Term F u e l  C o s t s  

The t y p i c a l  t e c h n i c a l  and economic b a s e s  and e s t i m a t e d  nea r - t e rm f u e l  c o s t  of a l i g h t  
w a t e r  r e a c t o r  is g iven  i n  T a b l e s  9 - 11. The d a t a  used  a r e  i n t e n d e d  t o  a p p l y  t o  a 
n u c l e a r  e l e c t r i c  p l a n t  t h a t  c o u l d  become o p e r a t i o n a l  around 1968-1969. 
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TABLE 9 

T e c h n i c a l  Bases  f o r  Fue l  Cos t  

Large  L i g h t  Water Reac to r  

(Heat  Rate  10 ,900  BTU/net KWH) 

I n i t i a l  e n r i c h m e n t ,  % U235 
Discha rge  e n r i c h m e n t ,  % U235 
Kg uranium d i s c h a r g e d  p e r  Kg U charged  
P lu ton ium d i s c h a r g e d ,  grams p e r  i n i t i a l  KgU 

T o t a l  Pu 
F i s s i l e  Pu 

MWD/KgU 
M i l l i o n s  of BTU/KgU 
Net eMWH/KgU 

Fue l  Exposure  

Fue l  S D e c i f i c  Power.  Thermal MWhfl’U 

1st Core Replacement Fue l  
2 . 0  2 . 4  
0 . 8 3  0 . 8 5  
0 .976  0.969 

6 . 3  7 . 3  
4 . 4  4 .9  

16;5  2 2 . 0  
1350 1800 

124 ’ 165 
1 5 . 5  1 8 . 5  

Average Fue l  Res idence  t i m e  i n  Core ,  F u l l  power y e a r s  2 . 9  3 . 3  

NOTE: U is uranium,  WD i s  the rma l  megawatt days  of e n e r g y ,  MTU i s  
m e t r i c  t o n s  uranium and eMWH i s  e l e c t r i c  megawatt h o u r s .  

TABLE 10 

Economic Assumptions f o r  Fue l  Cos t  

Large L i g h t  Water Reac to r  

-3-- - e-.” - 
1st Core E a r l y  

Replacement 
Average Fue 1 

F a b r i c a t i o n  P r i c e  $/KgU 
P o s t  I r r a d i a t i o n  S h i p p i n g  $/KgU 
N a t u r a l  Uranium P r i c e ,  $ / l b  U308 
S e p a r a t i v e  Work C o s t ,  $/KgU 
Cascade T a i l s  Assay ,  YO 7235 

Chemical P r o c e s s i n g ,  $/KgU 
Ex-core Inven to ry  Holdup Time, Years  
Uranium C a r r y i n g  Charges ,  %/year  
Working C a p i t a l  Cha rges ,  %/year 
P l a n t  C a p a c i t y  F a c t o r ,  % 

Pu C r e d i t ,  $/g f i s s i l e  - / 

100 
6 
8 

30 
0 . 2 5 3  
9 

38 
1 

10 
80 

4-3/4 

85  
6 
6 

30 
0 . 2 8 1  
9 

38 
1 

10  
10 
80  

L/ $9/gram is used i n  bo th  columns s i n c e  t h i s  is  t h e  e s t i m a t e d  f u e l  v a l u e  w i t h  
U308 p r i c e d  a t  $6 / lb .  I n  t h i s  c o n n e c t i o n ,  most of t h e  p lu ton ium produced by the  
f i r s t  co re  i s  n o t  d i s c h a r g e d  u n t i l  a f t e r  t he  assumed change i n  e n r i c h e d  uranium 
p r i c e s .  
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TABLE 11 

FUEL COST 

La rge  L i g h t  Wate r  Reac to r  

80% C a p a c i t y  F a c t o r  

C e n t s  p e r  m i l l i o n  BTU M i l l s  p e r  n e t  KWH 
lat Core  Replacement 1st Core Replacement 

D i r e c t  Charges  

F a b r i c a t i o n  7 . 4  4 . 7  
Uranium Consumption 8 . 5  7 .6  
S p e n t  F u e l  Recovery 3 . 3  2 . 4  
P lu ton ium C r e d i t  ( 2 . 9 )  ( 2 . 4 )  
Uranium Use Charge 2 

Sub- t  o t a l  1 7 . 7  1 2 . 3  
- - 

.81 .52 

.92 .83  

.35  * 2 7  
c . 3 2 )  c . 2 7 )  

.16  
1 . 9 2  1 . 3 5  

- - - 
F i x e d  Charges  

, 4 3  9 - 1 . 6  - 4 . 0  .18 Working C a p i t a l  - 
T o t a l  F u e l  Cost 1 9 . 3  1 6 . 3  2 .10  1.78 

9 F o r  t h e  r ep lacemen t  f u e l ,  t h e  working  c a p i t a l  c h a r g e s  a r e  a l l o c a t e d  a s  

M/MJH 

F a b r i c a t i o n  0 .13  
Uranium Consumption 0.30 
Spen t  f u e l  r ecove ry  (0 .07 )  

0.07 Plu ton ium C r e d i t  
0 . 4 3  

f 01 lows: 

- 
3 .  O p e r a t i o n ,  Main tenance ,  and  I n s u r a n c e  Cos t  

F o r  a 1 , 0 0 0  MW s i n g l e  u n i t  n u c l e a r  e l e c t r i c  p l a n t ,  t h e  annua l  o p e r a t i o n  
and ma in tenance  c o s t  i s  a r o u n d  $1 .6  m i l l i o n .  T h i s  i n c l u d e s  a t o t a l  o p e r a t i n g  
s t a f f  of a round 75. The n u c l e a r  i n s u r a n c e  would r u n  someth ing  l e s s  t h a n  $360,00O/year 

F o r  a n  80% p l a n t  c a p a c i t y  f a c t o r ,  t h e s e  two i t e m s  amount t o :  

0 +M 0 . 2 3  
0 .05  Ins. - - 

O+M+I  0 . 2 8  M / K W H  

4.  T o t a l  G e n e r a t i n g  Cos t  

The t o t a l  g e n e r a t i n g  c o s t  of a t y p i c a l  1000 MW l i g h t  w a t e r  r e a c t o r ,  based  on t h ?  
d a t a  p r e s e n t e d  above ,  would run  a b o u t  a s  shown i n  T a b l e  1 2 .  These  Cos t s  a r e  
r e p r e s e n t a t i v e  of what one migh t  e x p e c t  of  t h e  e a r l y  y e a r s  of o p e r a t i o n  of a l i g h t  
w a t e r  r e a c t o r  e n t e r i n g  s e r v i c e  i n  t h e  l a t e  s i x t i e s .  I t  shou ld  be noted  however,  
t h a t  t h e s e  c o s t s  have n o t  y e t  been  demons t r a t ed  and i t  w i l l  be s e v e r a l  y e a r s  b e f o r e  
we have t h e  f a c t s  a t  hand t o  c l e a r l y  back  up t h e s e  e x p e c t a t i o n s .  

I 

1 
c 

I 
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TABLE 12 

TOTAL GENERATING COST 

1000 MW LIGHT WATER REACTOR NUCLEAR ELECTRIC PLANT 
( a f t e r  s e v e r a l  y e a r s  o p e r a t i o n )  

80% C.F. 

C a p i t a l  Charges  

P l a n t  (@ 12%/yr . )  

F u e l  (@ 10%/yr.). 

F u e l  - 

Oper.  Main t .  & I n s .  

T o t a l  

120 1 4 . 4  - 2.06 

29 3.0 - 0.43 

- - 12.3 1.35 

NOTE: $/KW-Yr., C/106 BTU,  and M/KWH a r e  e q u i v a l e n t s ,  n o t  a d d i t i v e  

B. ADVANCED THERMAL REACTORS 

- Heavy Water Modera ted ,  Organic  Cooled - 

- High Tempera ture  Gas Cooled  - 

These two r e a c t o r  c o n c e p t s  have  t h e  c a p a b i l i t y  of b r e e d i n g .  Fo r  t h e  p r e s e n t  and  n e a r  
term, t h e i r  o p e r a t i o n  w i l l  undoubredly  be opt imized  f o r  minimum g e n e r a t i n g  c o s t  and  t h i s  
w i l l  l e a d  t o  conve r s ion  r a t i o s  of l e s s  t h a n  u n i t y .  The c u r r e n t  AEC program i n c l u d e s  
p l a n s  t o  c o n s t r u c t  a p r o t o t y p e  tho r ium f u e l e d  h i g h  t e m p e r a t u r e  g a s  c o o l e d  r e a c t o r  and  
a uranium f u e l e d  heavy w a t e r  modera t ed ,  o r g a n i c  coo led  r e a c t o r .  Both  t h e s e  p r o t o t y p e s  
w i l l  p r o b a b l y  be a round 300 MW i n  s i z e .  The AEC a l s o  p l a n s  t o  c o n s t r u c t  a s eed  b l a n k e t  
r e a c t o r  p r o t o t y p e .  T h i s  p r o t o t y p e  i s  expec ted  t o  demons t r a t e  t h e  i n t e r e s t i n g  a b i l i t y  
t o  breed  i n  a l i g h t  w a t e r  r e a c t o r .  T h i s  r e a c t o r  concep t  i s  n o t  d i s c u s s e d  i n  t h i s  pape r  
s i n c e  it i s  o u t s i d e  my a r e a  of cognizance .  

The f u e l  c o s t  d a t a  p r e s e n t e d  below a r e  i d e a l i z e d  i n  t h e  s e n s e  t h a t  i t  is assumed t h a t  
f u e l  t h roughpu t  r a t e s  a r e  e q u i v a l e n t  t o  a n  i n s t a l l e d  c a p a c i t y  of 15,000 MW ( f o r  t h e  
pu rpose  of e s t i m a t i n g  p r o c e s s i q g  c h a r g e s )  A l s o ,  it is assumed t h a t  t h e  t echno logy  
p r e s e n t l y  unde r  development w i l l  be s u c c e s s f u l  and  t h a t  no  r e a l  b o t t l e n e c k s  a r e  en- 
coun te red .  S o  p l e a s e  bea r  i n  mind t h a t  t h e s e  c o s t  d a t a  a r e  estimates and t h e  t e c h n i c a l  
c h a r a c t e r i s t i c s  of t h e s e  r e a c t o r s  w i l l  no t  r e a l l y  be firmed-up u n t i l  t h e  p r o t o t y p e s  
have ope ra t ed .  A t  t h i s  p o i n t  i n  t i m e ,  t h e  f o l l o w i n g  d a t a  a r e  t o  be  c o n s i d e r e d  a s  
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b e i n g  s p e c u l a t i v e .  They i n d i c a t e  what i s  p o t e n t i a l l y  a t t a i n a b l e  i f  t h e  development 
programs a r e  l a r g e l y  s u c c e s s f u l ;  and  if each  r e a c t o r  sys t em i s  c o n s t r u c t e d  i n  l a r g e  
q u a n t i t y  such  a s  t o  r e a l i z e  l a r g e  annua l  f u e l  t h roughpu t  r a t e s .  

TABLE 13  

BASES FOR FUEL COST 

Large  Heavy W a t e r  Reac to r  (Organic  Moderated) 

(Uranium F u e l  Cycle  - S e l l  p lu ton ium)  

T e c h n i c a l  Bases  

I n i t i a l  en r i chmen t ,  % U23S. 1 . 2 0  

P lu ton ium d i s c h a r g e d ,  g f i s s i l e / K g U  4 

MWD/KgU 20 

D i s c h a r g e  e n r i c h m e n t ,  % U235 -0.05 

F u e l  Exposure 

l o 6  BTU/KgU 1640 
n e t  eMWH/KgU 158 

Net t h e r m a l  e f f i c i e n c y ,  % 33 
BTU/net KWH 10 340 

Fue l  S p e c i f i c  Power,  Thermal MWmU 24 
Fue l  r e s i d e n c e  t i m e  i n  r e a c t o r ,  f u l l  power y e a r s  2 . 2  
Ref ue 1 i n g  On- l ine  

1 Economic Bases  -/ 

F a b r i c a t i o n ,  $/KgU 
N a t u r a l  Uranium, $ / l b  u308  
S e p a r a t i v e  w o r k ,  $/KgU 
S p e n t  f u e l  r ecove ry  
P lu ton ium c r e d i t ,  $ / f i s s i l e  qram 
Working C a p i t a l  C h a r g e s ,  %/year  
Ex-core i n v e n t o r y  h o l d u p ,  y e a r s  
P l a n t  c a p a c i t y  F a c t o r ,  % 
Annual  f u e l  t h r o u g h p u t ,  MlTJ/year 

40 
6 

30 
30 

9 
10 
1 

80 
( f o r  1 5 , 0 0 0  MW) 660 

ir 
i 

,.1 
I 

I 
, 

- 1/ F u e l  t h roughpu t  ra te  and u n i t  c o s t s  based  on 15 ,000  MW i n s t a l l e d  c a p a c i t y  

J 
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TABLE 14 

FUEL COST 

LARGE HEAVY WATER REACTOR NUCLEAR ELECTRIC PLANT 
( E q u i l i b r i u m  Cyc le )  

80% C .  F . 
C e n t s  per m i l l i o n  BTU Mills p e r  n e t  KWH 

D i r e c t  Charges  

F a b r i c a t i o n  
Uranium Consumption 
Spen t  F u e l  Recovery 
P lu ton ium C r e d i t  

S u b - t o t a l  

F ixed  Charges  

Working C a p i t a l  9 
T o t a l  Fue l  Cos t  

2 . 4  
3 . 4  
1.8 

( 2 . 2 )  
5 .4  

1 . 2  - 

0 . 2 5  
0.35 
0 . 1 9  

( 0 . 2 3 )  
0 . 5 6  

0 . 1 2  

6 . 6  0 . 6 8  

NOTE: Charges f o r  heavy w a t e r  ( inves tmen t  a'nd l o s s e s )  amount t o  about  1.9C/106 BTU 
o r  0 . 2  M/KWH. 
M/KWH. Thus t h e  f u e l  c s t  p l u s  s p e c i a l  c h a r g e s  on heavy w a t e r  and o r g a n i c  
amount t o  about  8.8C/lO BTU or 0 .91  MAW. 

Charges  f o r  o r g a n i c  makeup amount t o  abou t  1c/106 BTU o r  0 . 1  

8 

l~ The working  c a p i t a l  c h a r g e s  a r e  a l l o c a t e d  a s  f o l l o w s :  
M/KWH 

F a b r i c a t i o n  0 . 0 5  
Uranium Consumption 0 . 0 7  
Spent  f u e l  r ecove ry  (0 .04 )  
P lu ton ium C r e d i t  0 . 0 4  

0 .12  
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TABLE 15 

BASES FOR FUEL COST 

High Tempera tu re ,  Gas Cooled Reac to r  
(Thorium F u e l  Cycle  - r e c y c l e  U233) 

T e c h n i c a l  Bases 

I n i t i a l  e n r i c h m e n t ,  % U235 + U233 i n  U + Th 
D i s c h a r g e  e n r i c h m e n t ,  % U235 + U233 i n  U + Th 
Kg U + Th d i s c h a r g e d  p e r  Kg charged  
Fue 1 Exposure 

MWD/KgU + Th 
lo6 BTU/KgU + Th 
Net eMWH/KgU + Th 

BTU/net KWH 
Net Thermal e f f i c i e n c y ,  % 

F u e l  s p e c i f i c  power ,  t h e r m a l  MW/llTU + Th 
F u e l  r e s i d e n c e  t i m e  i n  r e a c t o r ,  f u l l  power y e a r s  
F r a c t i o n  of  c o r e  r e p l a c e d  p e r  r e f u e l i n g  

Economic Bases  9 
F a b r i c a t i o n ,  $/KgU + T h  
N a t u r a l  u ran ium,  $ / l b  U 3 O 8  
Thorium, $ / l b  ThOp 
S e p a r a t i v e  work ,  $/KgU 
S p e n t  f u e l  r e c o v e r y ,  $/KgU + Th 
U233 v a l u e ,  $/g U233 
Working c a p i t a l  c h a r g e s ,  %/year  
Ex-core i n v e n t o r y  h o l d u p ,  y e a r s  
P l a n t  c a p a c i t y  f a c t o r ,  % 

3.1 
2.5 
0.94 

' 52 
4260 

550 
44 

7760 
29 

5 
1 / 6  

110 
6 
5 

30 
110 
11 
10 
1 

80 
Annual  Fuel t h r o u g h p u t ,  MTU + Th/year ( f o r  15 ,000  MW)I!30 

l~ F u e l  t h roughpu t  r a t e  and u n i t  c o s t s  based  on 15,000 MW i n s t a l l e d  
c a p a c i t y .  
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TABLE 16 

FUEL COST 

LARGE HIGH TEMPERATURE GAS COOLED REACTOR NUCLEAR ELECTRIC PLANT 
( E q u i l i b r i u m  C y c l e )  

(80% C . F . )  
Cen t s  p e r  m i l l i o n  BTU M i l l s  p e r  n e t  KWH 

D i r e c t  Charges  

F a b r i c a t i o n  
Uranium Consumption 
Spent  Fue l  Recovery 

S u b - t o t a l  

F ixed  Charges  

Working C a p i t a l  9 

2 . 6  
1 . 8  
2 . 6  
7 . 0  
- 

5.0 - 

-20 
.14  
.20  
.54 
- 

.39  - 
T o t a l  F u e l  Cos t  1 2 . 0  . 9 3  

11 The working c a p i t a l  c h a r g e s  a r e  a l l o c a t e d  a s  f o l l o w s :  - 
M/KWH - 

F a b r i c a t i o n  0.07 
Uranium Consumption 0.39 
Spen t  Fue l  Recovery (0 .07 )  

0 . 3 9  

Accord ing  t o  t h e s e  d a t a ,  t h e  HWOCR h a s  a p r o j e c t e d  f u e l  c o s t  of abou t  0 . 7  M/KWH 
and t h e  HTGR about  0 . 9  M/KWH. The HWOCR h a s  some e x t r a  cha rges  f o r  heavy wa te r  
and makeup of o r g a n i c  c o o l a n t  d e g r a d a t i o n  t h a t  do  n o t  a p p l y  t o  t h e  HTGR. The sum 
of t h e s e  e x t r a  c h a r g e s  -- based  on  lO%/year i nves tmen t  c h a r g e s  on  heavy w a t e r ,  
0.5% heavy w a t e r  loss p e r  y e a r ,  o r g a n i c  makeup r a t e  of  4000 l b s .  p e r  eMW p e r  y e a r ;  
and c o s t s  of $20/ lb  heavy w a t e r  and 1 7  c e n t s  p e r  pound o r g a n i c  -- amount t o  0 . 2  M/KWH 
on t h e  heavy w a t e r  and  0 .1  M/KWH on t h e  o r g a n i c .  T h e r e f o r e , .  t he  sum of f u e l  c o s t  
p l u s  s p e c i a l  m a t e r i a l  cha rges  f o r  t h e  HWOCR i s  about  one M/KWH. Thus t h e  HWOCR and 
HTGR a r e  v e r y  c l o s e  t o g e t h e r  on t h e  b a s i s  of f u e l  c o s t  p l u s  s p e c i a l  m a t e r i a l  c h a r g e s .  

The l i g h t  w a t e r  r e a c t o r  d e s c r i b e d  p r e v i o u s l y ,  i f  e v a l u a t e d  on t h e  b a s i s  of comput ing  
f u e l  c y c l e  u n i t  c o s t s  a c c o r d i n g  t o  t h e  th roughpu t  r a t e  f o r  15 ,000  MW, has  a n  e s t i m a t e d  
f u e l  c o s t  ( d i r e c t  p l u s  f i x e d  c h a r g e s )  of 1 . 4  M/KWH. 

C .  FAST BREEDER REACTORS 

Most of t h e  e f f o r t  o n  h igh  g a i n  b r e e d e r  r e a c t o r s  c e n t e r s  a round t h e  sodium c o o l e d  
f a s t  b r e e d e r  r e a c t o r ,  f u e l e d  w i t h  p lu ton ium.  T h i s  r e a c t o r  o f f e r s  promise  of 
a t t a i n i n g  a r easonab ly  h i g h  b reed ing  g a i n  and a r e a s o n a b l y  s h o r t  d o u b l i n g  t i m e .  

I t  a p p e a r s  t h a t  f o r  many y e a r s  t o  come, t h e  r equ i r emen t  f o r  n a t u r a l  uranium mined 
f rom t h e  ground w i l l  be de t e rmined  by t h e  amount of f i s s i l e  m a t e r i a l  r e q u i r e d  f o r  
i n v e n t o r y  b u i l d u p  and f u e l  makeup. A h igh  g a i n  b r e e d e r  r e a c t o r  o f f e r s  t h e  i n t e r e s t i n g  
p r o s p e c t  of e v e n t u a l l y  making t h e  n u c l e a r  complex s e l f - s u f f i c i e n t  on f i s s i l e  m a t e r i a l  
a t  which t ime  t h e  sys tem can  be s u s t a i n e d  on t h e  f e r t i l e  f u e l s  - U238 and tho r ium.  
T h i s  w i l l  p e r m i t  u t i l i z a t i o n  of most of t h e  l a t e n t  ene rgy  of f i s s i o n  c o n t a i n e d  i n  ou r  
n u c l e a r  r e s o u r c e s .  
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The d e s i g n  c h a r a c t e r i s t i c s  of f a s t  b r e e d e r  r e a c t o r s  a r e  l e s s  w e l l  d e f i n e d  t h a n  t h e  
r e a c t o r s  p r e v i o u s l y  d i s c u s s e d ,  
been made s o  t h e r e  i s  some i n d i c a t i o n  of how t h e y  may pe r fo rm.  The f o l l o w i n g  t a b l e s  
p r o v i d e  p r e l i m i n a r y  e s t i m a t e s  of t h e  b a s e s  f o r  and r e s u l t i n g  f u e l  c o s t  of a f a s t  b reede r  
r e a c t o r .  

However, a number of c o n c e p t u a l  d e s i g n  s t u d i e s  have 

TABLE 1 7  

BASES FOR FUEL COST 

SODIUM COOLED FAST BREEDER REACTOR NUCLEAR ELECTRIC PLANT 
(1100 em n e t ,  44% n e t  t he rma l  e f f i c i e n c y )  

Core - 
T e c h n i c a l  Bases  

Power ,  t he rma l  NW 
I n i t i a l  Load ing ,  MllJ + Pu 
I n i t i a l  c o n c e n t r a t i o n ,  Kg f i s s i l e  Pu/Kg (U+Pu) i n  
MT(U+Pu) d i s c h a r g e d  p e r  MT(U+Pu) cha rged  
D i s c h a r g e  c o n c e n t r a t i o n ,  Kg f i s s i l e  Pu/Kg (U+Pu) o u t  
Fue l  Exposure ,  MWD/initial KgU+Pu 
F u e l  Res idence  Time, f u l l  power y e a r s  
F u e l  f r a c t i o n  r e p l a c e d  p e r  r e f u e l i n g  

Economic Bases 

2 170 
2 3 . 7  
0 .156  
0 .893  
0 .141  
100 
3 . 0  
1 /6 

B 1  a nke t 

Axia 1 Rad ia l  
35 295 
8 .0  57 .1  
0 0 
0 .995  0.992 
0.020 0.048 
4 . 8  7 .6  
3 .0  4 . 0  
1/6 . 1/8 

F a b r i c  a t  i o n , $/KgU +P u 
Spen t  f u e l  r e c o v e r y ,  $/KgU+Pu 
P l a n t  C a p a c i t y  f a c t o r  % 
Plu ton ium C r e d i t ,  $ / f i s s i l e  gram 
Working C a p i t a l  Cha rges ,  %/year  
Ex-core i n v e n t o r y  ho ldup ,  y e a r s  

190 
120 

190 50 
55 40 

TABLE 18 

FUEL COST 

SODIUM COOLED FAST BREEDER REACTOR 

Gore B lanke t  - -  T o t a l  - 

F a b r i c a t i o n  0 . 1 6  0 .12  
Pu Consumption 0 .27  (0.75) 

0 .28  
( 0 . 4 8 )  

Spen t  Fue l  Recovery 0.10 0.07  0 .17  
S u b t o t a l  0.53 (0 .56 )  (0 .03 )  

0 . 5 6  0 .24  0.80 Working C a p i t a l  
T o t a l  1 . 0 9  (0 .32 )  0 .77  

- -  



I V .  ANALYSIS OF FUEL COST 

T h i s  s e c t i o n  d i s c u s s e s  s e v e r a l  i m p o r t a n t  a s p e c t s  of n u c l e a r  e l e c t r i c  p l a n t  f u e l  c o s t s .  

Uranium P r i c i n g  

In t h e  U . S . ,  e n r i c h e d  uranium i s  produced  by t h e  gaseous  d i f f u s i o n  p r o c e s s .  I f  one 
makes a few s i m p l i f y i n g  a s s u m p t i o n s ,  t h e  cos t - en r i chmen t  r e l a t i o n s h i p  is a s  f o l l o w s :  

C (Xi )  = F (Xi )  Cf + &Xi)  C, ............ . ( 1 )  

Where: C ( X i )  = U n i t  c o s t  of uranium of en r i chmen t  X i ,  $/KgU 

F ( X i )  = Kg n a t u r a l  Uranium f e e d  r e q u i r e d  t o  produce  1 Kg of 
uran ium a t  en r i chmen t  X i .  

Cf = U n i t  c o s t  of n a t u r a l  uranium f e e d  t o  t h e  d i f f u s i o n  p l a n t ,  
$/KgU a s  UFg. 

&Xi )  = S e p a r a t i v e  work r e q u i r e d  t o  produce  1 Kg o f  uran ium of enr ichment  
X i  from n a t u r a l  u ran ium,  Kgs U 

CA = U n i t  c o s t  of s e p a r a t i v e  work, $/KgU 

The f e e d  r equ i r emen t  p e r  Kg of p roduc t  i s :  

Where: X i  = produc t  m a t e r i a l  enr ichment  

X, = d i f f u s i o n  p l a n t  t a i l i n g s  en r i chmen t  

Xf = n a t u r a l  uranium enr ichment  (0 .711%) 

The s e p a r a t i v e  work r equ i r emen t  i s :  

Where: ( J ( X j )  = (2Xj-1) I n  
1 - X j  

............. ( 2 )  

W = Kgs d i f f u s i o n  p l a n t  t a i l i n g s  p e r  Kg p r o d u c t  

F = FCXi) d e f i n e d  p r e v i o u s l y  

For  any p a r t i c u l a r  r a t i o  of f e e d  t o  s e p a r a t i v e  work c o s t ,  t h e r e  e x i s t s  a c e r t a i n  
optimum t a i l i n g s  enr ichment  which w i l l  r e s u l t  i n  minimum p r o d u c t  c o s t  (any  p roduc t  
e n r i c h m e n t ) .  The t a i l i n g s  e n r i c h m e n t ,  %, is de te rmined  by t a k i n g  t h e  f i r s t  d e r i v a -  
t i v e  of t h e  c o s t  e q u a t i o n  ( 1 )  w i t h  r e s p e c t  t D  X W ,  s e t t i n g  it e q u a l  t o  z e r o ,  and s o l v i n g  
f o r  X w .  Tha t  i s ,  s o l v e  f o r  & i n  t h e  e q u a t i o n :  

(4)  dC(Xi) = 0 . . . . . . . . . . . . .  ax, 
The c u r r e n t  USAEC s c h e d u l e  of c h a r g e s  f o r  e n r i c h e d  uranium is  based on a n a t u r a l  uranium 
f e e d  cha rge  of $23.5/KgU a s  UF6 and a s e p a r a t i v e  work c h a r g e  of $30/KgU. For t h i s  r a t i o  
of f e e d  t o  work c o s t ,  t h e  optimum t a i l i n g s  en r i chmen t  computed from e q u a t i o n  (4 )  above i s  
0.253% U235 i n  Uranium. 



Makeup of  Fuel  C o s t  

T a b l e  19  i n d i c a t e s  t h e  makeup of t h e  d i r e c t  f u e l  c o s t  of t h e  l i g h t  water r e a c t o r  des-  
c r i b e d  i n  T a b l e  1 2 ,  b u t  on a p1utonium r e c y c l e  mode of o p e r a t i o n .  The c o s t s  a r e  
a l l o c a t e d  t o  t h e  d i s c r e t e  p r o d u c t i o n  o p e r a t i o n s  which  were p r e v i o u s l y  set  f o r t h  i n  
t h e  f l o w s h e e t  of F i g u r e  1. 

TABLE 19 

DISTRIBUTION OF FUEL COST COMPONENT CHARGES 

L i g h t  Water R e a c t o r  wi th  P l u t o n i u m  R e c y c l e  
(See  T a b l e  9 f o r  Des ign  D a t a )  

- %of Direct Fuel  Cost  
Mining ,  m i l l i n g ,  r e f i n i n g  20 
Convers ion  U308 t o  UF6 2 
E n r i c h i n g  23 
F a b r i c a t i o n  36 

1 9  S p e n t  F u e l  Recovery  - 
100 

NOTE: This c o s t  a l l o c a t i o n  c a n p a r e s  w i t h  t h e  f l o w s h e e t  shown i n  
F i g u r e  1. 

Minimized Fuel  C o s t s  

One of  t h e  i n t e r e s t i n g  c h a r a c t e r i s t i c s  of n u c l e a r  f u e l  c y c l e s  i s  t h a t  t h e r e  exists 
a c e r t a i n  optimum f u e l  e x p o s u r e  t o  o b t a i n  minimum f u e l  c o s t .  
t h e  i n c r e a s e  t h a t  r e s u l t s  i n  n u c l e a r  f u e l  inves tment  c h a r g e s  as  t h e  d e s i g n  f u e l  
exposure  i s  i n c r e a s e d .  T h i s  i n  t u r n  is due t o  t h e  i n c r e a s e d  f i s s i l e  l o a d i n g  r e q u i r e d  
t o  a t t a i n  h i g h  f u e l  e x p o s u r e s ,  The optimum f u e l  e x p o s u r e  depends on t h e  combined e f f e c t  
of a l l  of t h e  i n d i v i d u a l  c o s t  i n p u t s  t o  t h e  f u e l  c o s t  computa t ion .  

A t y p i c a l  s e t  of f u e l  c o s t  v e r s u s  f u e l  e x p o s u r e  c u r v e s  a r e  given i n  f i g u r e  5 ( s e e  t h i s  
f i g u r e  a t  end of t e x t ) .  

T h i s  i a  most ly  due t o  

V. CONCLUSIONS 

The n u c l e a r  i n d u s t r y  i s  r e l a t i v e l y  new and i s  j u s t  b e g i n n i n g  t o  show p o s i t i v e  s i g n s  
of g e t t i n g  underway. Much r e s e a r c h  and development i s  i n  p r o g r e s s .  T h e s e . c o n d i t i 0 n . s  
c o n t r i b u t e  towards  ca i l s ing  s p e c i f i c  levels of economic per formance  of n u c l e a r  e lec t r ic  
p l a n t s  t o  change r a p i d l y  w i t h  time. Thus,  one must be c l o s e l y  c o n n e c t e d  w i t h  t h e  
n u c l e a r  power f i e l d  i n  o r d e r  t o  keep  a b r e a s t  o f  t h e  s i t u a t i o n .  

S i n c e  1960,  t w e l v e  n u c l e a r  e l e c t r i c  p l a n t s  have e n t e r e d  service b u t  o n l y  one of them 
'can  b e  c a l l e d  r e a s o n a b l y  l a r g e .  S m a l l  n u c l e a r  p l a n t s  d e m o n s t r a t e  t e c h n o l o g y  w e l l ,  
b u t  because t h e y  a r e  s m a l l ,  c a n n o t  demonst ra te  economic c o m p e t i t i v e n e s s .  Thus,  we 
a r e  i n  a p u s i t i a n  t o d a y  where w e  t h i n k  n u c l e a r  p l a n t s  can  be b u i l t  which w i l l  be 
economic but  we don ' t  have any  i n  hand a t  t h e  moment. In t h e  p e r i o d  1966 t h r o u g h  
1968,  f i v e  l a r g e  n u c l e a r  e l e c t r i c  p l a n t s  a r e  s c h e d u l e d  t o  e n t e r  service. It  w i l l  be 
most i n t e r e s t i n g  t o  c l o s e l y  f o l l o w  t h e i r  p r o g r e s s  and performance t o  see i f  our  
p r e d i c t i o n s  w i l l  indeed be r e a l i z e d .  
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